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(57) A carbon fiber product according to the present 
invention is a carbon fiber product In which one to sev- 
eral hundreds of hexagonal carbon layers in the shape 
of a bottomless cup are stacked. Edges of the hexago- 
nal carbon layers are exposed on at least part of an outer 
surface or inner surface. The exposed part of the edges 
of the hexagonal carbon layers have a high degree of 
activity and excel in adhesion to base materials such as 
resins. Therefore, this carbon fiber product is suitable 
as a material for composites. 
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Description 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to a carbon fiber 
product, a composite using the same, a conductive res- 
in, and a method of adjusting the length of the carbon 
fiber product. 

[0002] A vapor-grown carbon fiber is known in the art. 
[0003] This carbon fiber is a short fiber in which car- 
bon obtained by pyrolysis of hydrocarbons such as ben- 
zene or methane at a temperature of about 700**C to 
1 000°C is grown with a catalyst particle such as a ultra- 
fine iron particle or nickel as a nucleus. 
[0004] Carbon fibers generally have a structure in 
which the hexagonal carbon layers are grown concen- 
trically or a structure in which the hexagonal carbon lay- 
ers are grown in the axial direction. However, depending 
upon the vapor growth conditions such as catalyst, tem- 
perature range, and flow rate, carbon fibers may have 
a herring-bone structure in which the stacked hexagonal 
carbon layers are tilted with respect to the fiber axis at 
an specific angle. 

[0005] Carbon fibers are often mixed with resins or the 
like and used as connposites. However, carbon fibers 
generally have poor adhesion to resins. 
[0006] This is because carbon fibers have a lower de- 
gree of surface activity since the hexagonal carbon lay- 
ers (AB planes) are exposed on the inner and outer sur- 
faces. Moreover, a thin deposited layer in which an ex- 
cess amount of insufficiently crystallized amorphous 
carbon is deposited is inevitably formed on the surface 
of carbon fibers manufactured using a vapor growth 
process. This deposited layer also has a lower degree 
of activity, thereby resulting in poor adhesion to the res- 
ins. 

BRIEF SUMMARY OF THE INVENTION 

[0007] The present invention has been achieved to 
solve the above-described problems. The present in- 
vention may provide a carbon fiber product having a 
high degree of edge and surface activity and exhibiting 
good adhesion to resins or the like, various types of 
composites using the same, and a method of adjusting 
the length of the carbon fiber product. 
[0008] In order to solve the above problems, a first 
aspect of the present Invention provides a carbon fiber 
product comprising a coaxial stacking morphology of 
truncated conical tubular graphene layers, wherein the 
coaxial stacking morphology of the truncated conical tu- 
bular graphene layers includes one to several hundreds 
of stacked hexagonal carbon layers. 
[0009] In other words, this carbon fiber product has a 
cup-stacked structure or a lampshade-stacked structure 
in which one to several hundreds of hexagonal carbon 
layers in the shape of a bottomless cup are stacked. The 
coaxial stacking morphology of the truncated conical tu- 



bular graphene layers may have a shape of a hollow 
core with no bridge. According to such a structure, each 
of the truncated conical tubular graphene layers has a 
large ring end at one end and a small ring end at the 

5 other end in an axial direction, wherein edges of the hex- 
agonal carbon layers are exposed at the large ring ends 
of the outer surface and the small ring ends of the inner 
surface. In other words, the edges of the tilted hexago- 
nal carbon layers having a herring-bone structure are 

^0 exposed In layers. 

[001 0] If the coaxial stacking morphology of the trun- 
cated conical tubular graphene layers is vapor grown, a 
wide area of an outer surface or an inner surface may 
be covered with a deposited film of an excess amount 

^5 of pyrolytic carbons. However, at least part of edges of 
the hexagonal cartDon layers may be exposed at the 
large ring ends on the outer surface side or at the small 
ring ends on the inner surface side. 
[001 1 ] The edges of the hexagonal carbon layers ex- 

20 posed on the outer surface or the inner surface of the 
cartDon fiber product have an extremely high degree of 
activity, exhibit good affinity to various types of materi- 
als, and excel in adhesion to base materials such as res- 
ins. Therefore, a composite excelling in tensile strength 

25 and compressive strength can be obtained. 

[0012] Since one to several hundreds of bottomless 
cup-shaped, specifically, truncated conrcal tubular hex- 
agonal carbon layers are stacked, the carbon fiber prod- 
uct has a low molecular weight. Therefore, the carbon 

30 fiber product can dissolved in various types of solvents 
by chemically modifying the exposed part of the edges 
with appropriate functional groups. 
[001 3] According to the first aspect of the present in- 
vention, part or all of the deposited films fomied over the 

35 outer surface or the inner surface during the vapor 
growth process of the carbon fiber from which the car- 
bon fiber product Is formed may be removed by a treat- 
ment to be performed later. Since the deposited layers 
are formed of an excess amount of insufficiently crystal- 

40 lized amorphous carbon, the surfaces of the deposited 
layers are Inactive. 

[001 4] In the carbon fiber product according to the first 
aspect of the present invention, an outer surface of the 
cariaon fiber product may be fomned of the large ring 
45 ends stacked in the axial direction; and exposed part of 
the edges of the hexagonal carbon layers may have an 
area equal to or more than 2% of an area of the outer 
surface, and preferably 7% of an area of the outer sur- 
face. 

50 [001 5] The positions of the large ring ends forming the 
outer surface may be irregular, and the outer surface 
may have minute irregularity at the level of atoms. 
[0016] Similarly, an inner surface of the carbon fiber 
product may be formed of the small ring ends stacked 

55 in the axial direction; and positions of the small ring ends 
forming the inner surface may be irregular, and the inner 
surface may have minute irregularity at the level of at- 
oms. 
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[0017] Such configuration including a hollow shape 
provides the anchor effect on the base materials such 
as resin, and so adhesion to the base materials is further 
increased. As a result, a composite having an e)ctremely 
high strength can be provided. 

[0018] Since the carbon fiber product is In the shape 
of a minute particle In which one to several hundreds of 
hexagonal carbon layers in the shape of a bottomless 
cup are stacked, the carbon fiber product has good dis- 
perslbility in resins or metals. As a result, various types 
of composites excelling in strength and ink exhibiting 
good coloring characteristics can be provided. 
[001 9] The carbon fiber product according to the first 
aspect of the present invention may have characteristics 
by which at least the area In which the edges of the hex- 
agonal carbon layers are exposed (or area In which the 
deposited layers are removed) is not graphitized even 
if the carbon fiber is subjected to a heat treatment at a 
temperature of 2500 or more. 
[0020] Carbon fibers are generally graphitized by a 
heat treatment at a temperature of 2500 °C or more. 
[0021] However, the carbon fiber in which the edges 
of the hexagonal carbon layers are exposed is not 
graphitized even if the carbon fiber is heated at 2500 *'C 
or more at least in the area in which the edges of the 
hexagonal carbon layers are exposed. 
[0022] It is confimned that the carbon fiber is not 
graphitized by a heat treatment at a temperature of 2500 
or more by the fact that the D peak (1360 cm-^) in 
the Raman spectrum does not disappear. 
[0023] Since the exposed portion of the edges of the 
hexagonal carbon layers has an extremely high degree 
of activity, various types of catalytic metal can be sup- 
ported thereon. 

[0024] A second aspect of the present invention pro- 
vides a composite including a base material such as res- 
in (including a resin film) or metal with whfch the above 
carbon fiber is mixed in. 

[0025] A third aspect of the present invention provides 
a method of adjusting the length of a carbon fiber prod- 
uct comprising: 

a step of providing a carbon fiber comprising a co- 
axial stacking morphology of truncated conical tu- 
bular graphene layers, wherein each of the truncat- 
ed conical tubular graphene layers includes a hex- 
agonal carbon layer, and 

a step of dividing the carbon fiber between the hex- 
agonal carbon layers by grinding, so as to obtain a 
carbon fiber product having a length in which one 
to several hundreds of hexagonal carbon layers are 
stacked. The carbon fiber may be ground by ball 
milling. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF 
THE DRAWING 

[0026] FIG. 1 Is a copy of a transmission electron mi- 



crograph showing a carbon fiber having a herring-bone 
structure manufactured using a vapor growth process. 
[0027] FIG. 2 is a copy of an enlarged micrograph of 
FIG. 1. 

5 [0028] FIG. 3 is a schematic view of FIG. 2. 

[0029] FIG. 4 is a copy of a transmission electron mi- 
crograph showing a carbon fiber having a herring-bone 
structure heated at a temperature of about 530*^0 for 
one hour in air. 

10 [0030] FIG. 5 is a copy of an enlarged micrograph of 
FIG. 4. 

[0031] FIG. 6 is a copy of a further enlarged micro- 
graph of FIG. 5. 

[0032] FIG. 7 is a schematic view of FIG. 6. 

15 [0033] FIG. 8 is a characteristic chart showing the Ra- 
man spectra of a carbon fiber having a herring-bone 
structure (sample No. 24PS) after heating at SOO^C, 
520''C, 530**C. and 540**C for one hour In air. 
[0034] FIG. 9 is a characteristic chart showing the Ra- 

20 man spectra of carbon fiber samples No. 1 9PS and No. 
24PS in which edges of hexagonal carbon layers are 
exposed by the heat treatment. 

[0035] FIG. 10 is a characteristic chart showing the 
Raman spectra of the carbon fiber samples No. 19PS 

25 and No. 24PS. heated at 3000'C after the edges of the 
hexagonal carbon layers has been exposed. 
[0036] FIG. 11 is a graph showing distributions of the 
length of the carbon fiber with the passage of time at the 
lime of grinding by ball milling. 

30 [0037] FIG. 12A is a copy of a transmission electron 
micrograph of the carbon fiber before ball milling and 
FIG, 12B is a copy of an enlarged micrograph of FIG. 
12 A. 

[0038] FIG. 13A is a copy of a transmission electron 
35 micrograph of the carbon fiber two hours after starting 
ball milling and FIG. 138 is a copy of an enlarged mi- 
crograph of FIG. 13A. 

[0039] FIG. 14A is a copy of a transmission electron 
micrograph of the carbon fiber five hours after starting 
40 ball milling and FIG. 148 is a copy of an enlarged mi- 
crograph of FIG. 14A, 

[0040] FIG. 15A is a copy of a transmission electron 
micrograph of the caibon fiber 10 hours after starting 
ball milling and FIG. 158 is a copy of an enlarged mi- 

45 crograph of FIG. 15A. 

[0041] FIG. 16A is a copy of a transmission electron 
micrograph of the carbon fiber 24 hours after starting 
ball milling and FIG. 1 6B is a copy of an enlarged mi- 
crograph of FIG. 16A. 

50 [0042] FIG. 1 7 is a copy of a transmission electron mi- 
crograph showing astate in which the hexagonal carbon 
layer In the shape of a cup starts to separate during ball 
milling. 

[0043] FIG. 1 8 is a copy of an enlarged micrograph of 
55 FIG. 17. 

[0044] FIG. 1 9 is a copy of an enlarged micrograph of 
FIG. 18. 

[0045] FIG. 20 Is a copy of a transmission electron mi- 
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crograph showing a state in which the carbon fiber is 
divided into a carbon fiber product in which several tens 
of bottomless cup-shaped hexagonal carbon layers are 
stacked. 

[0046] FIG. 21 is a characteristic chart showing ten- 
sile strength (horizontal axis) and tensile modulus (ver- 
tical axis) of various types of composites. 
[0047] FIG. 22 is a view schematically showing a state 
in which the catalytic metal is supported. 
[0048] FIG. 23 Is a view showing a state in which cat- 
alytic metal is supported in a chain. 
[0049] FIG. 24 is a computer graphic showing a co- 
axial stacking morphology of truncated conical tubular 
graphene layers, based on rigorous quantum theoretical 
calculations. 

[0050] FIG. 25 is a computer graphic showing a hex- 
agonal carbon layer, which is a unit of the coaxial stack- 
ing morphology of the truncated conical tubular graph- 
ene layers of FIG. 24, based on rigorous quantum the- 
oretical calculation. 

[0051 ] FIG. 26 Is a schematic view of a large ring end 
and a small ring end which respectively forming an outer 
surface and an inner surface of the coaxial stacking mor- 
phology of truncated conical tubular graphene layers. 
[0052] FIG. 27 is a schematic view of a deposited film 
of pyrolytic carbon formed over a wide area of an outer 
surface of a carbon fiber. 

DETAILED DESCRIPTION OF THE EMBODIMENT 

[0053] One embodiment of the present invention is 
described below in detail with reference to the drawings. 
[0054] A vapor grown carbon fiber according to the 
present invention has a structure in which one to several 
hundreds of hexagonal carbon layers in the shape of a 
bottomless cup are stacked (hereinafter called "carbon 
fiber having a herring-bone structure"). 
[0055] Carbon fibers generally have a structure in 
which the hexagonal carbon layers are grown concen- 
trically or a structure in which the hexagonal carbon lay- 
ers are grown in the axial direction. However, depending 
upon the vapor growth conditions such as catalyst, tem- 
perature range, and flow rate, carbon fibers may have 
a herring-bone structure in which the stacked hexagonal 
carbon layers are tilted with respect to the fiber axis at 
an specific angle. 

[0056] I n an ordinary carbon fiber with a herring-bone 
structure, a number of hexagonal carbon layers in the 
shape of a cup having a bottom are stacked. However, 
the vapor-grown carbon fiber according to one embod- 
iment of the present invention has a structure in which 
a number of hexagonal carbon layers in the shape of a 
bottomless cup are stacked (this bottomless carbon fib- 
er is hereinafter called "carbon fiber having a herring- 
bone structure"). 

[0057] Specifically, this carbon fiber 1 has a coaxial 
stacking morphology of truncated conical tubular graph- 
ene layers shown by a computer graphic in FIG. 24. 



Each of the truncated conical tubular graphene layers 
is formed of a hexagonal carbon layer 1 0 as shown In 
FIG. 25. Although the actual hexagonal carbon layers 
are stacked densely in an axial direction A, they are 
5 Stacked roughly in FIG. 24 for convenience of descrip- 
tion. 

[0058] FIG. 26 is a schematic view of FIG. 24. Each 
of the hexagonal carbon layers 10 has a large ring end 
20 and a small ring end 22 at opposite ends in the axial 

10 direction. The large ring ends 20 are stacked in the axial 
direction A to form an outer surface 3D of the carbon 
fiber 1 . The small ring ends 22 are stacked in the axial 
direction A to fomn an inner surface 32 of the carbon 
fiber 1 . The carbon fiber 1 is thus in the shape of a hollow 

'5 core with no bridge and has a center hole 14. 

[0059] An example of a method for manufacturing the 
carbon fiber 1 shown in FIG. 24 is described below. 
[0060] A conventional vertical type reactor was used . 
[0061 1 Benzene as a raw material was fed to a cham- 

20 ber of the reactor using a hydrogen stream at a flow rate 
of 0.3 1/h and a partial pressure equivalent to the vapor 
pressure at about 20° C. Ferrocene as a catalyst was 
vaporized at 1 85°C and fed to the chamber at a concen- 
tration of about 3 X 10-7 mol/s. The reaction tempera- 

25 ture and the reaction time were about 1 1 0O'^C and about 
20 minutes, respectively. As a result, a carbon fiber hav- 
ing a herring-bone structure with an average diameter 
of about 1 00 nm was obtained. A hollow carbon fiber 
having no bridge at a length ranging from several tens 

30 of nanometers to several tens of microns, in which a 
number of hexagonal carbon layers in the shape of a 
bottomless cup are stacked, is obtained by adjusting the 
flow rate of the raw material and the reaction tempera- 
ture (which are changed depending on the size of the 

35 reactor). 

[0062] In the present embodiment, a carbon fiber 
product in which one to several hundreds of hexagonal 
carbon layers in the shape of a bottomless cup are 
stacked is obtained by grinding the carbon fiber in which 

^0 a number of hexagonal carbon layers in the shape of a 
bottomless cup are stacked, as described later. The car- 
bon fiber may be modified to a carbon fiber product with 
a desired length in which several thousands to several 
ten thousands of hexagonal carbon layers are stacked. 

45 [0063] Characteristics of the carbon fiber product are 
described below. 

[0064] FIG. 1 is a copy of a transmission electron mi- 
crograph showing the carbon fiber having a herring- 
bone structure manufactured using the vapor growth 

so process. FIG. 2 is a copy of an enlarged micrograph of 
FIG. 1 , and FIG. 3 is a schematic view of FIG. 2. 
[0065] As is clear from these figures, a deposited lay- 
er 12, in which an excess amount of amorphous carbon 
is deposited, is formed to cover the tilted hexagonal car- 

55 bon layers 10. A reference numeral. 14 indicates the 
center hole. 

[0066] FIG . 27 is a view schematically showing a state 
in which the deposited films 12 are formed over a wide 
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area of the outer surface 30 of the carbon fiber 1 . As 
shown in FIG. 27, the hexagonal carbon layers 10 are 
exposed on the large ring ends 20 in the areas in which 
the outer surface of the carbon fiber 1 is not covered 
with the deposited films 12. These areas have a high 
degree of activity. In the area in which the inner surface 
of the carbon fiber 1 is not covered with the deposited 
films 12, the hexagonal carbon layers 10 are exposed 
on the exposed small ring ends 22. 
[0067) The deposited layers 12 are oxidized and py- 
rolyzed by heating the carbon fiber on which the depos- 
ited layers 12 are fomied at a temperature of 400*'C or 
more, preferably SOO^C or more, and still more prefera- 
bly 520*^0 to SSO'^C for one to several hours in air. As a 
result, the deposited layers 12 are removed, whereby 
the edges of the hexagonal carbon layers are further ex- 
posed. 

[0068] The deposited layers 12 may be removed by 
washing the carbon f iber with supercritical water, where- 
by the edges of the hexagonal carbon layers are ex- 
posed. 

[0069] The deposited layers 12 may be removed by 
immersing the carbon fiber in hydrochloric acid or sul- 
furic acid and heating the carbon fiber at about 80*'C 
while stirring using a stirrer. 

[0070] FIG. 4 is a copy of a transmission electron mi- 
crograph showing the carbon fiber having a herring- 
bone structure heated at a temperature of about 530^C 
for one hour in air. FIG. 5 is an enlarged view of FIG. 4, 
FIG. 6 is an enlarged view of FIG. 5, and FIG. 7 Is a 
schematic view of FIG. 6. 

[0071] As Is clear from FIGS. 6 to 7, part of the de- 
posited layers 1 2 is removed by performing a heat treat- 
ment or the like, whereby the edges of the hexagonal 
carbon layers 1 0 are further exposed. The residual de- 
posited layers 1 2 are considered to be almost pyrolyzed 
and merely attached to the carbon fiber. The deposited 
layers 12 can be removed completely by combining heat 
treatment for several hours and washing with supercrit- 
ical water. 

[0072] As is clear from FIG. 4, the carbon fiber 10 in 
which a number of hexagonal carbon layers in the shape 
of a bottomless cup are staclced is hollow at a length 
ranging at least from several tens of nanometers to sev- 
eral tens of microns. 

[0073] The tilt angle of the hexagonal cariDon layers 
with respect to the center line is from about 25** to 35**. 
[0074] As is clear from FIGS, 6 and 7, the edges of 
the hexagonal carbon layers 10 on the outer surface and 
the inner surface are Irregular in the area in which the 
edges of the hexagonal carbon layers 10 are exposed, 
whereby minute irregularities 16 at a nanometer (nm) 
level, specifically, at the level of atoms are fomned. The 
irregularities 1 6 are unclear before removing the depos- 
ited layers 12 as shown in FIG. 2. However, the irregu- 
larities 16 appear by removing the deposited layers 12 
by the heat treatment. 

[0075] The exposed edges of the hexagonal carbon 



layers 10 have an extremely high degree of activity and 
easily bond to other atoms. The reasons therefor are 
considered to be as follows. The heat treatment in air 
causes the deposited layers 12 to be removed and the 

5 amount of functional groups containing oxygen such as 
a phenolic hydroxyl group, carboxyl group, quinonetype 
cari^onyl group, and lactone group, to be increased on 
the exposed edges of the hexagonal carbon layers 10. 
These functional groups containing oxygen have high 

10 hydrophiiicity and high affinity to various types of sub- 
stances. 

[0076] In addition, the hollow structure and the Irreg- 
ularities 1 6 contribute to the anchor effects to a large 
extent. 

IS [0077] FIG. 8 shows the Raman spectra of a carbon 
fiber having a herring-bone structure (sample No. 24 PS) 
after heating at 500*'C, 520*'C, SSO^'C. and 540'»C for 
one hour in air. 

[0078] FIGS. 6 to 7 show that the deposited layers 1 2 
20 are removed by the heat treatment. As is clear from the 
Raman spectra shown in FIG. 8, the presence of a D 
peak (1360 cm*"*) and a G peak (1580 cm^'") shows that 
this sample is a carbon fiber and has no graph itized 
structure. 

25 [0079] Specifically, the carbon fiber having a henring- 
bone structure is considered to have a turbostratic struc- 
ture in which the carbon layers are disordered. 
[0080] This carbon fiber has a turbostratic structure in 
which the hexagonal carbon layers are stacked in par- 

30 atlel but are shifted in the horizontal direction or rotated. 
Therefore, the carbon fiber has no crystallographic reg- 
ularity. 

[0081 ] The feature of this turisostratic structure is that 
intercalation of other atoms or the like seldom occurs. 

35 This is one of the advantages. Specifically, atoms or the 
like are easily supported on the exposed edges of the 
hexagonal carbon layers having a high degree of activ- 
ity, since the substances are scarcely intercalated. 
Therefore, the carbon fiber is expected to function as an 

40 efficient support. 

[0082] FIG . 9 shows the Raman spectra of cari^on fib- 
er samples No. 19PS and No. 24PS In which the edges 
of the hexagonal carbon layers are exposed by the 
above heat treatment. 

45 [0083] FIG. 10 shows the Raman spectra of the car- 
bon fiber samples No. 1 9PS and No. 24PS, in which the 
edges of the hexagonal carbon layers are exposed, after 
heating at 3000*^0 (common graphitization treatment). 
[0084] As shown in FIG. 10, the D peak does not dis- 

so appear even if the carbon fiber in which the edges of the 
hexagonal cariDon layers are exposed Is subjected to the 
graphitization treatment. This means that the carbon fib- 
er is not graphitized by the graphitization treatment. 
[0085] A diffraction line did not appear at the 112 

55 plane in X-ray diffractometry (not shown). This also 
shows that the carbon fiber was not graphitized. 
[0086] It is considered that the carbon fiber is not 
graphitized by the graphitization treatment because the 
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deposited layers 12, which are easily graphitized, have 
been removed. This aiso shows that the remaining por- 
tions of the herring-bone structure are not graphitized. 
[0087] The fact that the carbon fiber is not graphitized 
at a high temperature means that the carbon fiber is 
thermaily stable. 

[0088] The carbon fiber having the herring-bone 
structure thus obtained Is a short fiber with a length of 
several tens of microns In which several tens of thou- 
sands to several hundreds of thousands of bottomless 
cup-shaped, specifically, truncated conical tubular hex- 
agonal carbon layers are stacked. This short fiber Is in- 
soluble due to a high molecular weight (length). 
[0089] The carbon fiber product according to one em- 
bodiment of the present Invention is obtained by dividing 
the above short fiber into pieces in which one to several 
hundreds of hexagonal carbon layers are stacked. The 
carbon fiber product becomes soluble if the molecular 
weight Is reduced by decreasing the number of stacked 
layers, in particular, if the number of hexagonal carbon 
layers is one. 

[0090] The short fiber may be divided by adding an 
appropriate amount of water or solvent and grinding the 
short fiber gently using a mortar and pestle. 
[0091] Specifically, the short fiber (in which the depos- 
ited layers 1 2 may be fonned. or part or all of the depos- 
ited layers 12 may be removed) is placed in a mortar, 
and ground mechanically and gently using a pestle. 
[0092] The carbon fiber product in which one to sev- 
eral hundreds of hexagonal carbon layers are stacked 
can be obtained by experimentally determining the 
treatment time in a mortar. 

[0093] Since the cyclic hexagonal carbon layers have 
a comparatively high strength and are bonded to one 
another by only a weak Van der Waals force, the cyclic 
hexagonal carbon layers are separated without being 
crushed between layers in which the bond is particularly 
weak. 

[0094] It is preferable to grind the short fiber using a 
mortar and pestle in liquid nitrogen. Water in air is ab- 
sorbed when liquid nitrogen Is evaporated and becomes 
ice. Therefore, the short fiber can be separated between 
unit fiber layers as described above, while reducing me- 
chanical stress by grinding the short fiber together with 
ice using a mortar and pestle. 

[0095] The cartoon fiber may be ground by ball milling 
on an industrial scale. 

[0096] An example of adjusting the length of the car- 
bon fiber product by bail milling is described below. 
[0097] A ball mill manufactured by Kabushikigaisha 
Asahi Rika Seisakujo was used. 
[0098] Balls used were made of alumina with a diam- 
eter of 5mm. 1 g of the above cartoon fiber, 200g of alu- 
mina balls, and 50cc of distilled water were placed in a 
cell, and treated at a rotational speed of 350rpm. The 
carbon fiber was sampled when 1,3.5,10. and 24 hours 
had elapsed. 

[0099] FIG. 1 1 shows distributions of the length of the 



carbon fiber product measured using a laser particle 
size distribution analyzer at each sampling time. 
[01 00] As is clear from FIG. 1 1 , the fiber length is de- 
creased with the passing of milling time. In particular, 

5 the fiber length is decreased rapidly to 10 jun or less 
after 1 0 hours have elapsed. Another peak appears at 
about 1 p.m after 24 hours have elapsed. This clearly 
shows that the fiber length was further decreased. The 
reason why the peak appears at about 1 (im is consid- 

10 ered to be because the length almost equals the diam- 
eter, whereby the diameter Is counted as the length. 
[0101] This is clear from copies of electron micro- 
graphs shown in FIGS. 12 to 16. 

[0102] FIG. 12A and FIG. 12B shows the carbon fib- 
15 ers before milling. ThecartDon fibers with a length of sev- 
eral tens of microns get entangled, whereby the bulk 
density is extremely low. 

[01 03] The fiber length is decreased with the passing 
of milling time from two hours (FIG. 13A, FIG. 13B) to 

20 five hours (FIG. 14A, FIG14B), 10 hours (FIG. ISA. FIG. 
1 5B), and 24 hours (FIG. 1 6A, FIG1 6B). After 24 hours, 
the carbon fibers become almost particle-shaped, 
whereby entanglement of the fibers is rarely observed. 
As a result, the bulk density is increased. 

25 [0104] FIGS. 17 to 19 are views showing copies of 
transmission electron micrographs showing a state in 
which the carbon fiber product is about to be divided dur- 
ing milling. FIGS. 18 and 19 are enlarged views of FIG. 
17. 

30 [01 05] As is clear from these figures, the carbon fiber 
product is not divided by breakage of the fiber, but as a 
result of falling from the bottomless cup-shaped hexag- 
onal carbon layer. 

[01 06] FIG . 20 is a copy of a transmission electron mi- 
ss crograph showing a very interesting carbon fiber prod- 
uct of which the length is adjusted in a state in which 
several tens of bottomless cup-shaped hexagonal car- 
bon layers are stacked. The carbon fiber product has a 
hollow shape with no bridge. The edges of the hexago- 
40 nal carbon layers are exposed on the outer surface side 
and the inner surface side of the hollow portion. The 
length of the carbon fiber product may optionally be ad- 
justed by changing the milling conditions. , 
[0107] The carbon fiber product shown in FIG. 20 is 
45 in the shape of a tube with a length and a diameter of 
about 60 nm which has a thin wall and a large hollow 
portion. 

[01 08] The bottomless cup-shaped hexagonal carbon 
layers are thus divided without crushing the shape of the 

50 hexagonal carbon layer. 

[0109] In the case where a conventional concentric 
carbon nanotube is ground, various problenns such as 
breakage of the tube causing fine split or cracks in the 
axial direction on the outer surface, or the crush of a 

55 core part may occur. Therefore, it is difficult to adjust the 
length. 

[0110] As described above, the exposed edges of the 
hexagonal carbon layers 1 0 have an extremely high de- 
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gree of activity and easily bond to other atonns. The rea* 
sons therefor are considered to be as follows. The heat 
treatment In air causes the deposited layers 12 to be 
removed and the number of functional groups contain- 
ing oxygen such as a phenolic hydroxyl group, carboxyl 
group, quinone type carbonyl group, and lactone group 
to be increased on the exposed edges of the hexagonal 
carbon layers. These functional groups containing oxy- 
gen have high hydrophillcity and high affinity to various 
types of substances. 

[0111 J In addition, the hollow staicture and the irreg- 
ularities 1 6 contribute to anchoring effects to a large ex- 
tent. 

[0112] In the case where composites are manufac- 
tured by mixing the carbon fiber product with resin ma- 
terials such as polyethylene, polypropylene, nylon, 
fluororesins such as FEP, PFA, and PTFE, polyesters, 
polyimides, and polycarbonates, the strength of these 
composites is improved remarkably. 
[01 1 3] The carbon fiber product may be mixed not on- 
ly with the resin materials but also with other base ma- 
terials such as metal materials (aluminum, copper, mag- 
nesium, for example) with good adhesion. 
[0114] FIG. 21 shows tensile strength (horizontal ax- 
is) and tensile modulus (vertical axis) of composites in 
which reinforcing fibers or various types of fillers are 
mixed with polypropylene (base material). The case of 
mixing 30 wt% of an untreated herring-bone carbon fiber 
is denoted by@ , and the case of mixing 30 wt% of the 
carbon fiber product in which the deposited layers are 
removed by heat treatment is denoted by® . 
[0115] As is clear from FIG. 21 , composites contain- 
ing the carbon fiber have strength comparable to com- 
posites in which a glass fiber is mixed, in the case of 
mixing the carbon fiber product in which the edges of 
the hexagonal carbon layers are exposed by removing 
the deposited layers (® ), the tensile strength is im- 
proved remarkably and the tensile modulus is improved 
moderately in comparison with the case of mixing the 
untreated herring-bone carbon fiber (j® ). 
[01 1 6] Generally, when the carbon fiber is mixed with 
a base material such as a resin material, the carbon fiber 
tends to break during mixing. Therefore, a large amount 
(10 wt% or more) of cartson fiber is mixed in order to 
improve the performance. However, since the carbon 
fiber product of the present invention has good adhesion 
to base materials such as resins, it suffices that the 
amount be in the range from 0.1 wt% or more to 1 0 wt% 
or less (preferably about 0.3 wt%) in tenns of strength. 
[0117] Moreover, the carbon fiber product having a 
herring-bone structure Is deformed in the shape of the 
letter "S", the letter "2", or a spiral due to external force 
applied during mixing and fits the base material. There- 
fore, a good twining effect is expected. Specifically, the 
carbon fiber has characteristics by which the carbon fib- 
er seldom breaks and is easily bent, soft, twisted, rotat- 
ed, and the like. These characteristics are obtained 
even if the deposited layers 12 are not removed. How- 



ever, these characteristics are caused to occur signifi- 
cantly by removing the deposited layers 12. 
[0118] As described above, since the carbon fiber 
product is in the shape of a fine particle in which several 

5 tens to several hundreds of bottomless cup-shaped hex- 
agonal carbon layers are stacked, the carbon fiber prod- 
uct exhibits good dispersibility in resins. As a result, a 
resin composite having a flexibility and high strength can 
be obtained. The resin composite also excels in molda* 

10 bilrty using a metal mold, transfer characteristics on the 
surface of the metal mold, and sliding characteristics be- 
cause mixing nanoparticles makes the surface smooth 
whereby coefficient of friction is reduced. 
[01 1 9] Since the above carbon fiber product securely 

t5 cuts into resins, thermal expansion and shrinkage of the 
resins can be reduced, whereby a composite excelling 
in dimensional stability can be obtained. Since the com- 
posite excels in dimensional stability and has conduc- 
tivity, the composite exhibits no warping nor twisting 

20 even if the composite is formed thinly. Therefore, the 
composite can be suitably used as a separator for fuel 
cells and the like. 

[01 20] Since the composite excels in transfer charac- 
teristics on the surface of a metal mold as well as di- 
25 mensional stability, the composite is suitably used for 
minute mechanical parts such as minute gears for 
measuring instruments or watches, for which a high de- 
gree of precision is needed. 

[0121] Moreover, the center hole of the carbon fiber 
30 product is Impregnated with lubricating oil and the lubri- 
cating oil is thus mixed with the resin, so that sliding 
characteristics can be given. Since the lubricating oil 
seeps out from the center hole at a nanometer level dur- 
ing sliding, the sliding characteristics can be Improved 
35 remarkably. 

[0122] Furthermore, the composite with a resin is suit- 
able as a material for golf clubs or tennis rackets due to 
high rigidity. 

[0123] A conductive fiber can be obtained by mixing 
40 the carbon fiber product with nylon or the like. In this 
case, since the carbon fiber product is minute and does 
not clog a spinning nozzle, the carbon fiber product is 
suitably used. 

[0124] Since the present carbon fiber product is ft- 

^ brous differing from powdered carbon black, the carbon 
fiber product is rarely cut even if it is dispersed in a resin 
film. These advantages enable production of not only a 
thin block-shaped film, but also a ultra thin film having 
conductivity and maintaining strength. The thickness of 

so the film can be adjusted from several microns to several 
hundreds of microns. 

[0125] Composites such as conductive rubbers, 
cushion materials or buffers such as rubber pads, and 
tires can be obtained by mixing the present carbon fiber 
55 product with rubber. In particular, tires in which the car- 
bon fiber product is mixed excel in abrasion resistance 
and exhibit high friction force and superior grip charac- 
teristics. 
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[0126] Concrete which rarely breaks and has high 
strength can be provided by mixing the carbon fiber 
product with concrete, cement, or glass. 
[01 27] Furthermore, addition of the carbon fiber prod- 
uct to various types of plating solutions increases con- 
ductivity of the plating solutions. 
[0128] The exposed edges of the hexagonal carbon 
layers 10 of the carbon fiber product have an extremely 
high degree of activity and easily bond to other atoms. 
[01 29] A carbon fiber product on which catalytic metal 
is supported was manufactured using this carbon fiber 
product. 

[01 30] An example of a manufacturing method is de- 
scribed below. 

1 . The carbon fiber product was mixed in a solution 
of ethanol and chloroplatinic acid. The mixture was 
stirred for one hour. 

2. An aqueous solution of sodium borohydride was 
added to the above mixture to reduce chloroplatinic 
acid. 

3. After one minute of reduction treatment, a aque- 
ous solution of hydrochloric acid was added to the 
mixture to decompose an excessive amount of so- 
dium borohydride. 

4. After five minutes, a carbon fiber product on 
which catalytic metal was supported was removed 

by filtration. 

5. After filtration, the carbon fiber product was im- 
mersed in an aqueous solution of ammonium bicar- 
bonate to neutralize the catalytic metal, and then 
washed with purified water. 

6. After removing the water, the mixture was dried 
under vacuum to obtain a carbon fiber product on 
which catalytic platinum metals were supported. 

[0131] FIG. 22 is a view schematically showing the 
carbon fiber product in a state In which the catalytic met- 
al (platinum) Is supported. 

[0132] The size of the platinum atom is about 30 A 
and the interval between the hexagonal carbon layers 
is 3.5 A. The platinum atom is supported in an area cor- 
responding to about ten layers of the hexagonal carbon 
layers 10. 

[01 33] Irregularities exist in the area in which the edg- 
es of the hexagonal carbon layers are exposed as de- 
scribed above. The platinum atom is held in the concave 
section of these irregularities. The concave sections are 
in the shape of grooves which extend almost in the cir- 
cumferential direction. A large number of platinum metal 
particles are held In the grooves continuously in a chain, 
as shown in FIG. 23. 

[01 34] Since the carbon fiber product Is very minute 
with a diameter of about 1 00 nm, a large number of plat- 
inum metal particles are held, whereby the catalytic ef- 
fect is remarkable. 

[01 35] The carbon fiber product on which the catalytic 
platinum metals are supported can be suitably used as 



a catalyst for lithium ion fuel cells and the like. The car- 
bon fiber can be used as a catalyst not only for lithium 
ion fuel cells but also for other applications. 
[01 36] The carbon fiber product can be used as a sup- 
5 port for catalytic metals such as a platinum alloy, ruthe- 
nium, or palladium in addition to platinum. 
[0137] Solubility of the carbon fiber product in a sol- 
vent is described below. 

[0138] The exposed cyclic edges of the hexagonal 

10 carbon layers are extremely chemically active. 

[01 39] The edges are modified with a carboxyl group. 
A hydroxyl group of the carboxyl group Is replaced by 
chlorine using SOCIg. The chlorine is modified with oc- 
tadecylamine [CH3(CH2)i7NH2] and dichlorocarbeneto 

'5 obtain a carbon fiber product which is soluble in various 
types of solvents such as aromatic solvents including 
benzene and toluene, and carbon disulfide. If one to 
several stacked hexagonal carbon layers are included, 
the carbon fiber product can dissolve in water by chang- 

20 ing the modifying group. 

[01 40] A conductive resin can be obtained by mixing 
the carbon frber product which is soluble in various types 
of solvents with a resin material. 
[0141] For example, a conductive resin may be ob- 

2s tained by dissolving the carbon fiber product in a solvent 
such as toluene and mixing this solution with a resin ma- 
terial such as an epoxy resin or phenol-formaldehyde 
resin. 

[0142] A circuit substrate such as an FPC (flexible 
30 printed circuit) may be formed by screen printing a de- 
sired pattern on a flexible resin sheet such as polyimide 
using the conductive resin, and removing the solvent by 
drying. 

[01 43] A conductive resin may be formed by mixing a 
35 conventional vapor grown carbon fiber with a resin ma- 
terial. However, in the case of forming a circuit pattem 
using this conductive resin in the same manner as in the 
above example, it is difficult to form a flat circuit pattern 
due to the presence of fibrous carbon. Moreover, in the 
40 case of a substrate which Is bent at all times such as the 
FPC, the circuit pattern tends to break In the bending 
area. 

[01 44] On the contrary, the carbon fiber product of one 
embodiment of the present invention can be dissolved 

45 in a solvent if the molecular weight is reduced by de- 
creasing the number of stacked hexagonal carbon lay- 
ers. Therefore, the carbon fiber product excels in flat- 
ness of the circuit pattern and eliminates a problem in 
which the circuit pattern breaks due to a stress applied 

so repeatedly. 

[01 45] The carbon fiber product may be suitably used 
as a material for conductive ink or conductive paints in 
the same manner as in the case of using carbon black. 
Since the carbon fiber product is more minute than car- 

55 bon black, the carbon fiber product exhibits good dis- 
persibility In various types of vehicles. Moreover, the 
functional groups containing oxygen, with which the ex- 
posed edges of the hexagonal carbon layers, are mod- 
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ified increase glossiness of ink and paints. Furthennore, 
coloring characteristics can be increased. 
[0146] Furthermore, a conductive adhesive can be 
obtained by mixing the carbon fiber with an adhesive. 
[01 47] The carbon fiber product may be used in vari- 
ous types of applications such as an anode material of 
primary and secondary lithium batteries, members of fu- 
el celts (polymer electrolyte membrane, catalyst sup- 
port, separator, and the like). 

[0148] Specifically, since the carbon fiber product is 
not graphitized as described above, the carbon fiber 
product may effectively be used as an anode material 
or an additive to the anode material of a lithium ton bat-, 
tery. 

[0149] Conventionally, graphite materials have been 
used as the anode material of the lithium ion battery. 
However, when lithium ions are doped between layers 
of the graphite materials, the anode material expands 
due to an increase in the space between the layers. If 
the charge and discharge cycles are repeated in such 
a state, the electrode may be deformed or lithium metal 
may be deposited, thereby causing capacitance degra- 
dation or internal short circuits. Moreover, if the space 
between layers is expanded and contracted repeatedly, 
the graphite crystal structure may be damaged, where- 
by the cycle characteristics may be adversely affected. 
[01 50] On the contrary, the carbon fiber product which 
is scarcely graphitized has a larger space between the 
AB planes than the graphite material and shows neither 
expansion nor deformation between layers after doping 
with lithium ions, thereby exhibiting extremely excellent 
cycle characteristics. Moreover, the carbon fiber product 
has an improved electrical energy density in comparison 
with the graphite material. 

[01 51] Since the center hole 14 is widely opened on 
the side of the large ring end 20 and the diameter is small 
on the side of the other end (small ring end 22), the car- 
bon fiber product may be used as a collecting material 
for collecting minute substances such as bacteria in the 
center hole 14, or in various types of filters. 
[0152] The carbon fiber product may be used as a 
storing material or water retention material which stores 
various types of gases or liquids in the hollow portion. 
[0153] Moreover, since various types of substances 
are selectively adsorbed on the exposed active edges 
of the hexagonal carbon layers, the carbon fiber product 
may be used as an adsorbent or adsorptive filter. 
[01 54] Furthermore, since the carbon fiber product is 
In the shape of a minute particle, the cartaon fiber prod- 
uct excels in dispersibility in resins and exhibit good 
moldabilfty. 

[01 55] When the carbon fiber product is used as a ma- 
terial for ink or paints, ink or paint excelling in glossiness 
and coloring characteristics can be provided due to 
good dispersibility in vehicles. 
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Claims 

1 . A carbon fiber product comprising a coaxial stack- 
ing morphology of truncated conk:al tubular graph- 

5 ene layers, 

wherein the coaxial stacking morphology of 
the truncated conical tubular graphene layers in- 
cludes one to several hundreds of stacked hexag- 
onal cari3on layers; 

10 wherein each of the truncated conbat tubular 

graphene layers has a large ring end at one end and 
a smalt ring end attheotherendinan axial direction; 
and 

wherein at least part of edges of the hexago- 
ns nal carbon layers is exposed at the large ring ends. 

2. The carbon fiber product as defined in claim 1 , 

wherein at least part of edges of the hexago- 
nal carbon layers is exposed at the small ring ends. 

20 

3. The carbon fiber product as defined in claim 2, 

wherein the coaxial stacking morphology of 
the truncated conical tubular graphene layers is va- 
por grown; and 
25 wherein at least part of a deposited film 

formed during the vapor growth is removed from the 
large and small ring ends. 

4. The cariDon fiber product as defined in any one of 
30 claims 1 to 3, 

wherein the coaxial stacking morphology of 
the truncated conical tubular graphene layers has 
a shape of a hollow core with no bridge. 

35 5. The carbon fiber product as defined in any one of 
claims 1 to 4, 

wherein an outer surface of the carbon fiber 
product is formed of the large ring ends stacked in 
the axial direction; and 

40 wherein the exposed part of the edges of the 

hexagonal carbon layers has an area equal to or 
more than 2 percentages of an area of the outer sur- 
face. 

45 6. The cartDon fiber product as defined in claim 5, 

wherein positions of the large ring ends form- 
ing the outer surf ace are irregular, and the outer sur- 
face has minute irregularity at the level of atoms. 

50 7. The carbon fiber product as defined in any one of 
claims 1 to 6, 

wherein an inner surface of the carbon fiber 
product Is formed of the small ring ends stacked in 
the axial direction; and 

55 wherein positions of the small ring ends form- 

ing the inner surface are irregular, and the inner sur- 
face has minute irregularity at the level of atoms. 



9 



17 EP 1 243 677 A2 

8. The carbon fiber product as defined in any one of 
claims 1 to 7, 

wherein heat treatment at a temperature 
equal to or more than SSOCC provides no graphiti- 
zatlon of the carbon fiber product. 5 

9. The carbon fiber product as defined in any one of 
claims 1 to 8, 

wherein heat treatment at a temperature 
equal to or more than 2500*'C provides no disap- io 
pearance of the D peak (1360 cm'^) In the Raman 
spectrum. 

10. The carbon fiber product as defined in any one of 
claims 1 to 9» wherein catalytic metal is supported is 
on exposed part of the edges of the hexagonal car> 
bon layers. 

1 1 . A composite comprising a base material with which 
the carbon fiber product as defined in any one of 
claims 1 to 10 is mixed in. 

12. The composite as defined in claim 11 » wherein the 
base material is resin. 

25 

13. The composite as defined in claim 11. wherein the 
base material is metal. 

14. A conductive resin comprising a resin material with 
which the carbon fiber product as defined in any one 30 
of claims 1 to 10 Is mixed in. 

15. A conductive resin film with which the carbon fiber 
product as defined in any one of claims 1 to 10 Is 
mixed in. 35 

16. Ink with which the carbon fiber product as defined 
in any one of claims 1 to 1 0 Is mixed in. 

17. A method of adjusting the length of a carbon fiber 
product comprising: 

a step of providing a carbon fiber comprising a 
coaxial stacking morphology of truncated con- 
ical tubular graphene layers, wherein each of ^ 
the truncated conical tubular graphene layers 
includes a hexagonal carbon layer, and 
a step of dividing the carbon fiber between the 
hexagonal carbon layers by grinding, so as to 
obtain a carbon fiber product having a length in so 
which one to several hundreds of hexagonal 
carbon layers are stacked. 

1 8. The method of adjusting the length of a carbon fiber 
product as defined in claim 1 7, wherein the carbon ss 
fiber is ground by ball milling. 
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